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Abstract

In-vivo micro–Computed Tomography (µCT) allows acquisition of high resolution 3-D images of human bone. Morphological data calculated from these images can be useful in osteoporosis and bone quality research. Movement during image acquisition will result in a motion artifact in the reconstructed image and will have a negative effect on the data collected. The goal of this project was to analyze the effect of precise motion on morphological data as well as provide a stepping stone for motion compensation projects. Using a novel mechanical testing device equipped with a programmable logic controller based motion control system it was possible to manipulate human cadaver radius bones during µCT scans.
The baseline error in repeatability of recorded µCT morphological parameters was found to be less than 0.63%. Vertical translations of 15mm from the center axis of the µCT gantry occurring slowly over two minutes had the greatest effect with a 50% change in recorded density when compared to controls. Alternatively a 15mm translation occurring suddenly in a ‘twitch’ like motion resulted in only a 2% change in recorded density. Similar trends appeared in other recorded morphological parameters. Forward translations of up to 500um were found to have no effect on morphological parameters when compared to baseline control error. It was determined that the addition of 1mm aluminum wire landmarks a do not have an effect on morphological parameters when compared to baseline control error and will be a useful material for landmark based motion artifact compensation. The ability to use landmarks in clinical applications is important because motion artifact compensation could lead to improvement of current diagnosis for bone related diseases.
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Chapter 1 Introduction/Review of Literature

1.1 Computed tomography

Computed tomography (CT) was disclosed by Sir Godfrey Newbold Hounsfield in 1968 and has provided new, less invasive methods for medical diagnosis. Based on previous projection x-ray technology, a CT scanner collects projection image data at different positions around the object. By performing a radon transform on the data set a two dimensional cross section of the object can be reconstructed. This allows for the internal structure of organs and other objects to be determined without the need to perform surgery to examine the tissue. More recently with advances in computer processing power it is possible to combine a dataset of cross section images into a fully rendered three dimensional image. With various image processing techniques it is possible to isolate specific structures within a specimen allowing precise imaging of areas of interest, such as tissues with a specific density. 

Micro-Computed Tomography (µCT), based on the same principles, provides a marked improvement in resolution over standard CT and allows for very precise imaging to be made on the 80µm scale [Ritman E.L, 2004]. Allowing for accurate imaging of the internal trabecular structure of a bone, this provides a wealth of data that could allow for more accurate and repeatable assessment of bone quality [Kuhn J. L., 2005] [Thomsen J.S et al., 2005]. Morphological measurements such as overall bone density (d100), connectivity density (connD), trabecular number(tb.N), trabecular thickness(tb.Th),trabecular separation (tb.Sp), and derived parameters like BV/TV (bone volume over trabecular volume) can be collected and used for analysis [Liab A. et al., 2000]. Data received from these scans can be used for a variety of applications such as determining the extent of a bone fracture or providing an early diagnosis for bone related diseases like osteoporosis [Lawrence G, 2005].

Bone density is the average calculated density of an area of bone based on the attenuation of the x-rays through that area. Trabecular thickness is the average thickness of trabeculea in the region and trabecular number is the count of individual trabeculea in the region. BV/TV is a derived parameter based on the total bone volume divided by the total volume of the region.

Connectivity is described as:

        “Given a network consisting of nodes and branches (points connected by lines), the network is said to be simply connected if only one path from any node to any other node exists (Fig.1). Such a network is classified as a tree and has by definition a connectivity of zero. If an additional branch is added between two nodes, some nodes are now connected by more than a single path, and the structure is said to be multiply connected. Connectivity is defined as a measure of the degree to which a structure is multiply connected, and hence, for a network, reports the maximal number of branches that can be broken before the structure is separated into two parts.”









Odgaard, A. and H. J. Gundersen (1993)
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1.2 Motion artifacts in CT

One negative effect of high resolution in micro-CT comes in the form of motion artifacts, with a higher resolution scan it is possible to cause more significant artifact errors due to motion compared to a less precise scan. If a movement occurs during the scan period, a variety of artifacts such as streaking or rings can manifest in the images.  In a clinical application is it preferable to re-perform any scans that contain motion artifacts. Motion artifact could affect the data collection and future diagnosis based on that image.  Unfortunately in cases such as elderly patients with tremors or small children who have difficulty sitting still, it is not possible to obtain perfectly motion free images [Yu H, Wei Y., Hsieh J, Wang G. (2006)].  It is also possible that motion artifact errors may be present but are not observed by the operator, causing data from an image that may contain erroneous data to be treated as precise.

In clinical applications during a CT scan a motion that results in a motion artifact is a common occurrence. In healthcare dealing with CT or other reconstruction based imaging (such as MRI), uncontrollable motion such as the breathing cycle or heartbeat, have a detrimental effect on imaging and diagnosis. As such there are a variety of projects that look at methods for reducing motion artifacts, both by reducing or directing the motion of the patient or through improved scanning or processing techniques.

By attempting to correct motion artifacts we can improve the quality of medical diagnosis and could possibly to earlier diagnosis of bone related diseases [Zerfowski 1998]. There are a variety of methods available for correction of motion artifacts such as line following algorithms [ Zheng, 2006] or motion tracking [Weiguo Lu, Machie T.R. 2002] but most can come into difficulties in accuracy and reproducibility due to changes in position and bone structure between patients. 

1.3 Hypothesis

The impact of motion artifacts will affect density and morphological parameters differently and some morphological parameters will be more affected than others.

· Some morphological parameters will be more robust versus motion artifacts then others.

· Landmarks can provide a means to correct images based on data collected during scan.

Currently little is known of the exact effect of motion artifacts on the recorded density and morphological parameters. By causing a bone sample to move a precise amount during a µCT scans it would be possible to correlate changes in data compared to controls and determine the effect of the motion on the parameters. A system to move the specimens remotely will be required to ensure that examiners are not exposed to unnecessary radiation. It should be possible to make correlations between specific motion types and certain visible artifacts found in experimental and clinical databases.
1.4 Specific aims

1) Develop a system to precisely control motion that occurs during the µCT scan
a. The system must integrate with the mechanical testing device already available to the lab

b. The system needs to be relatively easy to operate so that other examiners can use it for this and future projects

c. The system must provide precise and repeatable motion 

2) Consider three unique types of motion artifact, and the effect that each has on the recorded parameters
a. Motions selected must be within the capability of the mechanical testing device and developed motion control system

b. Motion must be similar to those capable during clinical scans (i.e. no especially large motions)
3) Determine the suitability of landmarks in scans to see if they will be appropriate for motion compensation techniques
a. Landmarks must not affect the recorded parameters in µCt scans

b. Evaluate a variety of materials for ease of fabrication and use
4) Develop a dataset of images and morphological parameters
1.5 Background
In a previous work it was proposed that “a primary reason for decreasing strength and stiffness in osteoporosis is caused by a loss of trabecular elements and consequently a loss in connectivity” [Odgaard et al. 1993]. In his examinations he found that morphological parameters were not directly related to density. Two dimensional models, while easier to perform in the past than three dimensional models, do not accurately consider boundary conditions or three dimensional architecture that is typically orientated in the longitudinal plane due to bone loading conditions.  This puts into doubt the effectiveness of 2-D models and places increased importance on assumption free 3-D imaging based techniques such as µCt. The use of larger, more complete, specimens is recommended when possible so that the occurrence of artificial boundaries have a limited effect on the results.

The effect of noise and motion artifacts on the segmentation of bone is examined. If there is a significant amount of error in the image, segmentation will erroneously classify bone marrow as trabeculae and vice versa. This would result in a change in recorded density and morphological parameters as elements are erroneously included or excluded from the calculations. Specifically the blurring effect of motion artifacts will lower the average intensity of trabeculae and increase the average intensity of nearby tissue. This will have a measurable effect on parameters such a density and BV/TV that were assumed to be more robust to motion artifacts. The work also showed that density and connectivity were poorly related. When comparing two specimens it was found that one contained a relatively low connectivity density but relatively high density while another contained the opposite. This supports the use of CT as a tool for diagnosing overall bone health over the current Dual energy X-ray absorptiometry (DXA) gold standard [Barou O et al., (2002)].

A common problem with motion artifacts is that you can't quantitatively measure the amount of motion that occurs because of the irregular/inconsistent shape of the object being scanned in each case (i.e. different patients or scan areas). Data from a CT scan is collected for each slice and stored in a sinogram. The sinogram can be thought as a 1-D x-ray line collected at various angles around a slice of the object being scanned. The motion of the detector around the object and the resulting image that is formed gives it the name sinogram (Fig. 2).
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The sinogram presents a great opportunity to determine if any motion has occurred during the CT scan. If the object does not follow a sinusoidal path then the motion could be extrapolated only if the dimensions of the object are fully symmetrical or known beforehand, which is not the case in a clinical scan. By adding a set of small, approximately point, landmarks it is possible to get a much better indication of the motion that occurred. 
Exploration into motion artifact correction has lead some researchers to look at the sinogram as a means to detect and correct motion [Ritchie, C.J.   et al.,1996]. It was observed that the sinograms in tomographic imaging not only contains information of the structure of the bone but also any motion that occurred during the scan [Weiguo L.et al. 2002]. In an ideal scan there will be no motion and the intensity paths in the sinogram will follow a perfect sinusoidal path. Using an algorithm that calculates the ideal sinogram based on specific points chosen in the sinogram, the deviation from the ideal path can be determined. Once the motion is known, an attempt can be made to re-adjust the sinogram image to follow the ideal sinusoidal path. It is made clear that in order to predict what the ideal sinusoidal path will be for a particular sinogram you need to have either objects of high intensity or known shapes to follow. If some indication of the ideal path is not available in the sinogram then it will be difficult to track movement, especially when areas of relatively high intensity overlap. 
Landmarks can be used to make the collection of these idea sinusoidal paths by providing known shapes and intensities within the sinogram image that can be easily tracked. This will likely lead to methods that allow reduction or correction of motion artifacts in CT imaging [Pauchard Y., Boyd S.K., 2007]. Landmarks need to be compatible with clinical applications and must not affect the quality of the image scans performed. This is explored further in this project, looking at acceptable materials and how they perform within this environment.

There has been some work done using a motion control system to ensure that the motion artifacts are repeatable [C.J Ritchie, et al., 2002] [Guibelalde E et al., 1998].The use of the motion controller allowed the production of images with motion artifacts similar to those they observed in clinical scans. By utilizing a motion controller we would be able to produce quantifiable motion during scans and provide a set of image data with a variety of motion sets that can be compared to clinical databases. If motion is more consistent this will also allow for an easier start in testing any automated motion correction methods. In simulation it is possible to display the theoretical effect of certain motion during a scan [Chao-kung Y., Orphaou S., Strohbehn J., 1982][Pauchard Y., et al. 2007] [Yu H et al. 2006]. It would be beneficial to be able to compare experimental and clinical motion to those found in simulation to verify results.

In a study of reproducibility the amount of error between repeated µCT scans was investigated [MacNeil J A., Boyd S.K, 2007]. In vivo as well as in vitro scans were performed to compare the causes of error in various environments. In vitro, comparing ideal cases with no motion error between repeated scans, repeatability error was found to be 0.5% or less. When the specimen was repositioned and scanned again however there was up to a 1.5% difference in recorded parameters. In vivo, where small patient movement is present, errors in parameters were found to be much more pronounced. Recorded error in density was found to be up to 1% with errors in morphological data increasing up to 4.5%. A limitation described in this project is that there was a difficulty identifying motion artifacts and even if identified, if these motion artifacts would be significant enough to cause an unacceptable error in the results. The conflict that arises is that it was understood that some motion would occur during the in vivo scans, but how do you determine what motion is significant enough to effect recorded parameters. It is hoped that this is something that can be identified in this project.
Chapter 2: Material and Methods

2.1 Overview
In this project a set of human cadaver distal radius bones were used to create motion artifacts during µCt scans. The radius bones were manipulated during scanning using a custom mechanical testing device and a motion control system that was developed specifically for this purpose. The use of landmarks was explored in an attempt to find useful materials that could be used in motion compensation techniques. A variety of materials and configurations were considered.

2.2 Cadaver distal radius bones

To ensure that the result of motion on morphological parameters was relevant, a set of two human cadaver distal radius bones were acquired from a previous project. The radius specimens were approximately 12cm in length with an area two to three cm from the distal end being the scan region of interest. This region is the same as that used in clinical applications so was important to mirror in these experiments. The specimens were potted using bone cement into a metal holder for the mechanical testing devices specimen chamber (Fig. 3).
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Figure 3 human radius bone being potted into the metal holder (left), a human radius in the mechanical testing devices specimen chamber (right)
2.3 Mechanical Testing Device

As part of a previous project relating to finite element modeling, a custom mechanical testing device was designed and built for the Bone Imaging Laboratory [Sandercott, 2007][Hofmann M., Boyd S.K., 2007]. The device was constructed with the purpose of testing the mechanical loading properties of human cadaver bone specimens in both compressive and torsion loading conditions. If a specimen is only attached to one end of the specimen chamber in a cantilever fashion then it can be manipulated without applying a load, allowing rotation and translation to be controlled. These types of movements, while limited in only two axes, allow for motion similar to a patients arm relaxing during a clinical scan. A third motion type is approximated by positioning the specimen off the center axes and performing a rotation. If the rotation about center (Z axis) is small then the translation can be assumed to be only in the X or Y axes. See figure 4.
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Figure 4 A theoretical representation of center rotation of a radius specimen using two pivoting plates
There are two small holding plates that can be loosely attached to the main axis of the device (labeled C, refer to figure 4) and rotated to a position where the edge of the second plate directly overlaps with the center axis. Because the plates have the same diameter this allows for the distance to the center of the bone sample (labeled rcb) to remain the same in repeated experiments as well as allow quick setup. If the center axis is rotated a relatively small amount, less than 20 degrees, then it is assumed that the motion approximates a simple translation (labeled T). The specifics of each motion type are further discussed later in the chapter. 
The mechanical testing device is equipped with an array of sensors and features that make it useful for this project, refer to figure 5, including; 
1) Translational axis with one 360 degree rotation to 10µm translation ratio (stepper motor attached)

2) Linear variable differential transformer or LVDT for lateral displacement feedback 
3) Potentiometer for rotation feedback, 
4) Rotational axis with one 360 degree rotation to three degrees rotation ratio (stepper motor attached)

5) Load cell for compression and torsion feedback
6) Specimen chamber made of acrylic to reduce x-ray attenuation

7) Device holding stand, adjustable for horizontal (during scanning) and vertical (specimen transfer) loading
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Figure 5 The custom mechanical testing device developed for the Bone Imaging Laboratory
2.3.1Data Acquisition system

The mechanical testing device system uses a data acquisition system which interfaces with a laptop and with the sensors on the MTD. This data acquisitioner collects position data at 60Hz and can be scaled for use in any sensor inputs that are required. The system is connected to a laptop to store and display the information received. In the case of this project rotational position and translation were monitored but it is also possible to record compressive and torsion loading force.
2.3.2 Automated motion control system

One aspect of the mechanical testing device that becomes readily apparent is that due to the extreme precision of the axis (3 degrees rotation per 360 degree turn on the lever, and 10um translation along the long axis of the device per turn of the rear lever, #1 in figure 5) is that it became tedious to do adjustments on the device. In the example of the translational axis, it takes a full 10000 turns to adjust the device its 10cm range of movement. It was recommended that a motion control system to automate the use of the levers should be designed to improve the operation of the device. A fully standalone programmable logic controller (PLC) was chosen for this task.

2.3.3 System Design
An important consideration in the selection of the products for the motion control system was to make sure that the system selected was going to last for a long enough time to warrant the initial investment as well as being versatile enough to allow it to be used in other projects in the future. The three important aspects of choosing a control system were; the controller itself, the motors, the power supply, and finally the feedback system. The system for the mechanical testing device required:

 i) Two motors (one for each axis of motion).

ii) Sensor feedback to know the current position of the device. 

iii) Some type of controller to input the commands we need.

iv) A power source for the device.

The complete system includes a Beckhoff fieldbus PLC, two motor control modules, two sensor input modules, a 120VAC/60hz to 24VDC 10A power supply, two .5Nm stepper motors, connecting wires, and a standard size Din rail that holds all the components together, see figure 6. The Din rail allows for the system to be easily attached to the custom cart for the mechanical testing device, making its use more convenient. This specific setup allows you to choose a specific program or motion on the PLC’s display window and then operate the motors with information from position encoders allowing the device to know where the components are positioned. Requiring only a standard wall power socket for power, this system is very safe and should be intuitive enough for users without previous experience to use in a basic fashion without difficulty.
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Figure 6 PLC motion control system developed during the project
2.3.4 Program Design

As part of the IEC61131-3 PLC programming standard, most PLC’s can be programmed in ladder logic, function block, structured text and Instruction logic. Due to its similarity with C and assembly, Structured Text was chosen for the primary programming language for the control code. In the design of the program for the user interface and control of the PLC it was important to make sure that it was user friendly enough for other members of the lab to use the device without much previous knowledge of its operation. Starting with a list of all the tasks that are required for the PLC, working backwards, functions were created that would allow you to direct each specific task. Then all the separate functions are connected via an overhead menu system. 

2.4 Motion Artifact Creation and Analysis

One main focus of this project was finding an effective way to cause motion in an object being scanned and determine the effect of motion on the image. The mechanical testing device provided the necessary motion to create a large range of images using different degrees of motion. Images are treated like clinical images with all but the bone in question being removed when calculating morphological data.
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For the experiments three different types of motion were implemented called Axial Rotation, Axial Translation, and Planar Translation. Axial Rotation is a rotation about the Z axis in increasing amounts from one degree to three, six, nine and 12 degrees (T1-T5 respectively) see figure 7. In addition repeated scans with no motion, as well as scans where the bone is repositioned, were performed to provide a control to compare motions to.
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Figure 7 The path of the axial rotation motion (left) with the mechanical testing device to show relative orientation (right)
Axial Translation is a forward displacement along the Z axis in increasing amounts from 100um to 200, 300, 400, and 500um (T1-T5 respectively) figure 8. 



Planar Rotation is an off center rotation that results in an approximation of a linear displacement in the X-Y plane if the rotation is small as explained earlier in the chapter. These motions were setup to be 1.2, 3.6, 7.31, 11.1, and 15.1mm respectively, see figure 9.  
[image: image7.png]



Figure 9 The path of the planar translation motion (left) with a human arm to show relative orientation (right)
Two variations of each motions above were selected, named a step and continuous motion. A step motion is described by a quick motion to an intermediate position with a return to the initial position as fast as possible 20 seconds into the duration of the scan. The continuous motion is described by a slow motion to a final position starting 20 seconds into the scan and occurring over 2minutes. 
The naming convention used for each scan was devised so that they would be easy to identify at a glance what occurred in that particular scan.

Example:  MOTION_OB_PLANE_T5_STEP_WR

with the format (project name)_(Old bone[OB] or healthy bone[HB])_(Planar rotation[PLANE]or Axial rotation[ROTAT] or Axial translation[AXIAL]_(motion amount t1-t5)_(STEP or Continuous[CONT] motion)_(Landmark type aluminum wire[WR] or Contrast dye[CD] or bead landmarks[BD].

Within the PLC motion control interface there is an option to select each required motion set which is preprogrammed before experiments take place. Motion occurs 20 seconds into the duration of the scan and occurs for less than a second in the case of the step motions or over three minutes for the continuous sets. All motion occurs at a constant repeatable speed due to the stepping action of the motors. There is the opportunity to make adjustments to the programming while the PLC is online which makes position or error correction very simple. During all scans error in motion control was below 0.1 degrees or 10um which is in line with the error of the data acquisition system. 
2.5 Bone Specimen Imaging

All CT scanning was performed with a HR-pQCT (XtremeCT, Scanco Medical, Switzerland; voxel size 82 μm) micro-CT scanner (Fig. 10). Designed for clinical use the machine is very safe to operate for extended periods of time, with no radiation being detectable at the opening during scanning. All the hardware necessary to operate the machine is present in a connected server cluster in the Bone Imaging Lab (University of Calgary). All data collection related to image creation is set up before the scan using a control file, then runs automatically for the full duration of the scan. The reconstructed images are then processed using computer assisted contouring to separate the area of interest from the rest of the data. All acquired images are treated as if they are clinical scans and processed in the same manner.
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Figure 10 HR-pQCT µCT scanner used in the lab.

For all motion experiments the human radius specimens are attached to the mechanical testing device and loaded into the µCT scanner as shown in figure 11.  
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Figure 11 The mechanical testing device is loaded into the scanner and in the process of scanning, also shown is the data acquisition laptop and motion control system.
2.6 Landmarking
The purpose of using landmarks in CT scans is to provide an indication of whether or not the object is moving during the scan, and if so, how much. First, it must be shown that landmarks will have a different contrast then other objects in the image so that you can isolate them to determine the path they make in the sinogram. The landmark needs to be a different density then your object so that when you do intensity thresholding the landmarks can be isolated at values that would not include any of the rest of your specimen. In the case of this project, it is much more desirable to have landmarks that are relatively denser then the hard cortical bone of the human cadaver radius that is being scanned so that they will show up in bright white contrast to the rest of the image but still not so dense that aliasing artifacts are created. Landmarks must not affect the scan data of the image and must be acceptable in clinical applications (i.e. does not expose the patient to unnecessary risk)

2.6.1 Land Mark Selection

Choosing the correct landmarks was very important task, both in terms of choosing the right materials and shape, as well as fabrication costs. While it would be more desirable to have perfectly fabricated 1mm spheres and rods made specifically for this task, this is only an exploratory move into using the landmarks and the added expense would not be justified for the extent of this project. 

Several types of line landmarks were tested to see if they would be appropriate experimental and clinical applications.1mm Steel and Aluminum wire, as well as 2mm glass beads were to be compared next to a bone sample. Later a set of contrasting dye used for medical imaging was acquired and a set of small cylinders were fashioned out of catheter tubes to contain the liquid.

In clinical applications any type of landmark would have to be part of a wrist band or some otherwise temporary attachment so that they could easily be attached to the patient and then removed quickly after the scan. Preliminary scans looking at the glass beads attached to a sports wrist band showed that they could be attached as not to inconvenience the patient but it was difficult to ensure that the beads were in the correct orientation for the scan region of interest. For the experimental scans however the cadaver bones do not have the benefit of a barrier to keep the landmarks away from its surface. A foam cylinder was created to allow for the simple interchanging of the different landmark types (Fig. 12). 
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Figure 12 Two foam landmark holders featuring 2mm glass bead landmarks (left) and 1mm aluminum wire landmarks (right)
2.6.2 Land Mark attachment and imaging

For the purpose of scanning bone motion with landmarks present it was necessary to attach the landmarks directly to the bone or to hold them above the bone via a foam cylinder that would not affect scan data. Due to the fact that the bones would be undergoing motion during the scan, it was important that the landmarks were well attached as to not shift position. The method used to attach the landmarks also had the requirement not to interfere with the results of the scan so that the effects of the landmark could be assessed. To attach the landmarks, commercially available insulation foam was cut into mirrored semi circular shapes that would make a basic approximation of the human arm. This foam product is regularly used in clinical applications to restrict the motion of a patient during µCT scans, so is known to not affect scan data. The landmarks were then carefully pressed onto the foam along six evenly spaced lines to allow for good overall coverage of the length of the bone and to make sure that at least one landmark was in the scan plane at a time (in the case of the bead landmarks). 

When a bone sample with the landmarks was put though its motion tests and scanned, the image was processed the same way as all clinical scans. Image contouring was done as autonomously as possible to ensure repeatability [Wang 2006] with the landmarks removed from the selected region to determine the effect they have on image data. In cases where appropriate, the same GOBJ(cutout path) was copied into other image sets to provide the exact same image processing. Sinogram data is retained for landmark based image processing. 

Chapter 3: results

3.1 Motion control system
In calibration testing of the motion control system it was found to be accurate within .03 degrees utilizing a 1/64 micro stepping. This corresponds to an accuracy of 0.00025 degrees on the rotational axis (1:120 ratio) and 1x10^-8m in the translational axis, when considering gear ratios on the mechanical testing device. The sensor set on the mechanical testing device, however, only has an accuracy of 0.1 degrees in rotation and 10µm of translation. Movements were assumed in experiments to only be as accurate as the sensors reporting ability.   

3.2 Landmarking
Initially 2mm glass bead landmarks were used for the project before the motion controller was added. Shown in figure 13 the landmarks were directly attached to the bone and caused difficulty when automating the contouring process.
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Figure 13 A 2-d cross section of a human radius with glass bead landmarks attached
In the search for better landmarking materials,1mm diameter steel wire , 1.5mm diameter fishing line and a 3mm diameter plastic tennis ratchet line were first compared in a µCT scan (see figure 14). The fishing and tennis line both proved to be lacking the relative density required for viewing the landmarks in sinogram images. The steel wire was too dense for the µCT to properly scale and shows up as green when compared to the other materials.
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Figure 14 A cross section of a µCT scan comparing intensity of steel wire, tennis line, fishing line, and a human radius.
1mm diameter aluminum wire was also compared to 1mm diameter steel and 2mm glass bead landmarks and was found to be suitable for a landmarking material (figure 15). With similar density to the glass bead and human cortical bone, the material showed promise as a material to use for motion experiments. 
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Figure 15 A µCT image comparing intensity of steel wire, aluminum wire and a glass bead landmark
Finally catheter tubes filled with x-ray contrast dye were compared. The contrast dye performed similarly to the steel wire, maxing out the intensity value in the image. Due to its similarity in contrast with the glass beads and its relatively small diameter (compared to catheter tubes) the aluminum wire was selected for the line landmarking experiments with the glass bead landmarking only used in axial translation movements where a line would show no change. 

When comparing scans with and without the aluminum landmarks it was shown that the landmark scans differed in parameters by less than 1%, which falls within the reproducibility that was found in previous studies (table 1 and figure 16).When comparing the change in recorded parameters with increasing motion the addition of landmarks does not result in a change in error when compared to no landmarks.  
	
	
	
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	Healthy bone without landmarks
	342.7
	0.160
	1.470
	0.109
	0.572

	Healthy bone with landmarks
	339.3
	0.159
	1.470
	0.108
	0.571


Table 1 µCT morphological parameters recorded of a healthy bone, with and without landmarks present.
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Figure 16 Percent change of recorded density comparing the addition of landmarks with base scan
In the sinogram image data the motion was very easy to identify (Fig. 17). When landmarks are added you can see that landmarks moving perpendicular to the x-ray detector show increased shifting while landmarks moving towards and away from the detector at the time of motion show little to no change in path (Fig. 18). 
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Figure 17 Sinogram images from µCT scan of a human radius with no motion (top) and a 12 degree step rotation (bottom)
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Figure 18 Sinogram images from µCT scan of a human radius with landmarks attached ,no motion (top) and a 12 degree step rotation (bottom)
3.3 Visible Artifacts

When comparing the visible artifacts that occur during certain motions, clear differences are visible between the no motion cross sections, the step, and continuous motion types(Fig. 19, 20).

[image: image20.png]



                                         Figure 19 A 2-D cross sectional µCt image of a human radius with landmarks present.
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Figure 20 2-D cross sectional µCt images of a human radius showing a 12 degree ‘step’ rotation(top) and a 12 degree ‘continuous’ rotation(bottom) with landmarks present.
3.4 Effect of motion on data

For all motion types the change in density as well as trabecular number, trabecular thickness, trabecular separation, and Bone volume ratio were compared. The control error in recorded parameters between two repeated scans was found to be less than 0.63%.
	
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	No motion
	 
	 
	339.3
	0.159
	1.470
	0.108
	0.571

	No motion #2
	 
	 
	340
	0.160
	1.470
	0.108
	0.571


Table 2 comparisons of parameters recorded in repeated scans to determine control error

Shown below (tables 3, 4, 5, 6, 7 and figures 21, 22, 23, 24, 25) is the effect of motion on recorded density. The comparisons between each motion, its magnitude, and the change from the scan with no motion present. Each set of graphics are separated by morphological parameter compared.  Density is labeled d100 in the parameter list. The data output of the evaluation software only goes to three decimal places, this is especially important in relatively small values recorded in parameters such as BV/TV and tb.Th. A small change of even 0.0001 may round off in the result and cause a large change in data in this case.

	Motion
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	no motion
	 
	 
	62.9
	0.013
	1.010
	0.013
	0.978

	one degree step axial rotation
	 
	61.6
	0.013
	1.020
	0.013
	0.971

	three degree step axial rotation
	61.1
	0.012
	1.010
	0.012
	0.975

	six degree step axial rotation
	 
	61.8
	0.012
	1.000
	0.012
	0.986

	nine degree step axial rotation
	62.2
	0.013
	1.010
	0.012
	0.978

	twelve degree step axial rotation
	61.8
	0.012
	1.010
	0.012
	0.981


Table 3 The recorded parameters comparing step axial rotation movements
	Motion
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	no motion
	 
	 
	62.9
	0.013
	1.010
	0.013
	0.978

	one degree continuous axial rotation
	61.8
	0.012
	1.000
	0.012
	0.983

	three degree continuous axial rotation
	62
	0.013
	0.980
	0.013
	1.010

	six degree continuous axial rotation
	62.2
	0.013
	0.950
	0.014
	1.039

	nine degree continuous axial rotation
	61.5
	0.014
	0.950
	0.014
	1.037

	twelve degree continuous axial rotation
	60.4
	0.013
	0.950
	0.014
	1.037


Table 4 The recorded parameters comparing step axial rotation movements
	Motion
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	no motion
	 
	 
	64.1
	0.003
	0.900
	0.003
	1.110

	1.2mm step planar translation
	 
	61.1
	0.001
	0.870
	0.001
	1.142

	3.6mm step planar translation
	 
	63.6
	0.002
	0.890
	0.002
	1.125

	7.31mm step planar translation
	63.4
	0.002
	0.880
	0.002
	1.140

	11.1mm step planar translation
	62.9
	0.002
	0.890
	0.002
	1.126

	15.1mm step planar translation
	62.7
	0.002
	0.830
	0.002
	1.197


Table 5 The recorded parameters comparing step axial rotation movements

	Motion
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	no motion
	 
	 
	64.1
	0.003
	0.900
	0.003
	1.110

	1.2mm continuous planar translation
	61.8
	0.002
	0.850
	0.003
	1.168

	3.6mm continuous planar translation
	57
	0.002
	0.870
	0.002
	1.153

	7.31mm continuous planar translation
	49.2
	-0.002
	0.830
	-0.002
	1.202

	11.1mm continuous planar translation
	41.8
	-0.006
	0.790
	-0.008
	1.271

	15.1mm continuous planar translation
	33.1
	-0.011
	0.720
	-0.015
	1.408


Table 6 The recorded parameters comparing step axial rotation movements

	Motion
	 
	 
	d100
	BV/TV
	Tb.N
	Tb.Th
	Tb.Sp

	no motion
	 
	 
	63.8
	0.017
	1.040
	0.016
	0.944

	100µm step axial translation 
	
	60.4
	0.001
	0.960
	0.001
	1.042

	200µm step axial translation 
	
	61.5
	0.001
	0.930
	0.001
	1.071

	400µm step axial translation 
	
	59.3
	0.001
	0.940
	0.001
	1.058

	500µm step axial translation 
	 
	59.5
	0.001
	0.950
	0.001
	1.053


Table 7 The recorded parameters comparing step axial rotation movements

In table 7 showing the axial translation movements you can see that the motion values are quite different from the no motion scan. It is assumed that there was an error during scanning that could not be explained. The differences between the motion values are small enough to be considered the same as those found in controls.
The results for the step planar translation of 1.2mm do not follow the same trend as the rest of its motion set so is consider erroneous as well. 
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                                                      Figure 21 The effect of motion on recorded density in µCT scans
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                                          Figure 22 the effect of motion on recorded trabecular number in µCT scans
You can see in figures 22 and 23 for step motions there is a large variance in trabecular number and bone volume as discussed earlier. The results show that there is very little change in parameters caused by a change in motion for that motion type. The changes in parameters in this case are due to the rounding error as well as baseline control error. For continuous motion moments there is a clear change in parameters due to motion that will be further discussed in chapter 4.
 [image: image31.png]Percentchange

Rotation 'step' of 'Osteo bone' vs

2.00%

0.00%

-2.00%

-4.00%

-6.00%

-8.00%

-10.00%

percent change in BV/TV

AL
\ / \

N/ O\ e

A

Motion amount




 [image: image32.png]Percentchange

Continuous Rotation of 'Osteo bone'

10.00%

5.00%

0.00%

-5.00%

-10.00%

vs percent change in BV/TV

/\H

N/

Motion amount

——1BV/TV





[image: image33.png]Percentchange

Step Planar Translation of 'Osteo
bone' vs percent change in BV/TV

20.00%

0.00%

-20.00%

-40.00%

-60.00%

-80.00%

ﬁ T
om 1.2mm 3.6mm 7.31mml1l.Imm15.1mm

\

\/

Motion amount

——1BV/TV




 [image: image34.png]Percentchange

Continuous Planar Translation of
'Osteo bone' vs percent change in
BV/TV

100.00%

0.00% T T T T 1

-100.00% -

-200.00% vV
-300.00% \\
-400.00%

>

-500.00%

Motion amount





                                          Figure 23 The effect of motion on recorded bone volume ratio in µCT scans
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                                              Figure 24 The effect of motion on recorded trabecular thickness in µCT scans
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Figure 25 effect of motion on recorded trabecular thickness in µCT scans
Chapter 4 Discussion and Conclusions

4.1 Use of Mechanical Testing Device

The custom mechanical testing device was a very important part of making this project feasible. By allowing for motion to be created in human cadaver radius samples repeated scans can be made without any danger to living human tissue. Without the mechanical testing device only limited experiments could be completed. It would not be ethical to expose healthy patients to radiation for this research and a similar remote motion device like the mechanical testing device would still eventually need to be developed. 

The development of the two position stand for the device by Steve Sandercott (Bone Imaging lab, University of Calgary) further improved the reliability of its positioning tools ensuring that the device itself does not move during the experiment. The stand is aptly suited to further additions to the system such as the PLC motion control system completed during this project 

Due to the amount of force advantage of the device, it is not feasible to add mechanical braces to limit the range of motion of the center axis to one that will not damage the connectors. It is therefore important to make the operation and specific limitations of the device very clear to future users. Non-mechanical safety limits could be added to help the user in not damaging the device, buzzers or lights could be activated when the device is reaching a position that could damage it. In the operation of the PLC motion control system, a limit to the amount of movement that it will allow based on position sensor readings could be implemented.

A specific limitation of the mechanical testing device is the accuracy of the output sensor positioning data. The PLC motion control developed for the system is at least an order of magnitude more accurate then the mechanical testing device sensors can detect.

4.2 PLC motion system

The PLC motion system was a great opportunity to demonstrate how a biomedical problem could be addressed by an engineering solution. Planning the user interface and control programming out in advance allowed for the logic paths to be determined without having to worry about syntax. It was possible to test and run each component separately to determine how they performed and to plan how to implement them in the final code for the user interface. Once completed, the system allowed for the relatively simple programming of the motion commands needed to perform the experiments for the project. It was possible to simulate some motion artifacts observed in clinical applications. The addition of the PLC motion controller allowed for motion to be directed much more accurately then what would be possible with only the hand crank operation
4.3 Motion artifacts

For the purpose of creating motion artifacts it was fortunate that human cadaver radius samples were available. Instead of looking for ways to accurately parallel human movement using a phantom it was possible to do experiments using conditions similar to those in clinical scans with all the complex internal structure that a human bone represents. It is important to note that there will be some difference in the absolute values recorded, when compared to in vivo scans, do to the fact that the tissue of the arm is not present and will change the attenuation of the x-rays through the specimen. The change in recorded values due to motion rather than the absolute value of parameters was important for this project. There is a setting that can be changed in the evaluation protocol to compensate for the different environment of the bone but this is beyond the scope of this project.  The use of the rotational and translational movements allowed the change in morphological data to be presented in a step wise display of errors in recorded parameters compared to the no-motion scan. Overall, motion tends to cause a change in recorded parameters that move towards a decrease in density and other parameters as well as an increase in trabecular separation which would be interpreted as an overall reduction in bone health in clinical diagnosis.
The images and data collected allowed the correlation of some types of motion to certain types of artifacts as was expected in the project plan. In the case where a sudden movement occurs during the scan over a short time period streaking artifacts will all be parallel to each other causing a blurring effect from one side of the scan to the other. As well in the case of a movement like a shake (such as that from a muscle tremor) streaking artifacts will be at different angles to each other radiating out of the center of the object. It is thought that these behaviors are due to the position of the x-ray and detection sources within the scanner when the motion occurs. If the motion occurred over a small time period the x-ray source will have not moved very far from its position, causing the streaks to point in the direction of the x-ray source. While in the case of continued motion the x-ray source would have covered a large distance around the object causing streaks from each cycle of movement to point in the direction of the x-ray source at the time of the movement, creating streaks in various directions. This hypothesis could be tested in the future by inducing motion over various intervals of the total scan. The results, if this hypothesis is correct, will display in steaks only pointing in directions covering approximately a ratio of the time over which motion occurred versus the total scan time around the object.

4.3.1 Effect of a step rotation on parameters

Step rotation movements did not show a clear trend when comparing increasing motion to changes in recorded parameters. When observing the change in recorded density there was a slight overall reduction of about 1.75% but recorded values leading up to 12 degrees rotation do not indicate a correlation between increasing motion and increasing error. Similar observations were made for the other recorded parameters. Results show little or no change in values but in some cases there was a value at which the parameter would change to when motion was present, which was independent from the amount of motion that occurred. The effect of a step rotation up to 12 degrees is considered to be minor with the errors in recorded parameters being mostly due to baseline control error and possibly due to the discontinuity of the motion applied by the motion controller. The controller would direct a motion to a new position, stop once the position was achieved and then return to the initial position. In the case of smaller movements the amount of time spent in this midpoint stop would be relatively larger and could have an impact on how the parameters are affected.
4.3.2 Effect of a step translation on parameters.
The step translation movements performed similarly to step rotations with little to no change in recorded parameters when compared to controls. It is thought that if the amount of motion was increased by a factor of two or more then more significant changes in parameters would be observed.

4.3.3 Effect of a continuous rotation on parameters.
In continuous motion experiments the effect on recorded parameters was more pronounced. In continuous rotation changes in parameters up to 7.69% was observed with a trend towards increased motion causing increased error as was predicted. The ratio of time spent moving during the scan versus the time spent stationary is thought to be proportional to the amount that a certain motion will affect the recorded parameters.
4.3.4 Effect of a continuous translation on parameters
The resulting trends clearly showed, for continuous translation motions over two minutes, that there was an overall increase of error in every parameter as the amount of movement increased. The case of 15mm translations showed the clearest trend correlating increased motion with an increase in error of recorded parameters. Especially noteworthy is that a 15mm translation resulted in a 48.36% reduction in recorded density and a 466.67% reduction in bone volume ratio (BV/TV) when these parameters were assumed to be more robust versus the effects of motion artifacts.
4.4 Landmarking
Initially 7mm plastic beads were chosen and were scanned next to a sample of human bone provided by the bone lab. While it was easy to pick out the location of the beads, they were a fair margin less dense then the cortical bone of the sample it was compared to. From the plastic beads the focus moved on to 1mm glass beads. In a previous project the use of glass bead landmarks worked very well for determining the orientation of bones in image processing and due to the higher density of the glass it was felt that they would work well for our project. When compared to the same bone sample it was very clear the glass beads were dense enough to be used as landmarks as you could threshold at a higher intensity level and remove the bone entirely from the image but the beads would still remain. 

A limitation of the glass beads are their hollow torus shape and difficulty in placing. It was important to consider future clinical applications where landmarks would need to be placed within the scanning region with relative accuracy. It was concluded that most of the movement that occurs during clinical scans, especially for this particular Micro CT scanner, was in the X-Y planes and did not involve a great deal of translation in the Z axis. This allows for the use of line landmarks orientated lengthwise in the Z plane parallel to the arm during scanning. In this case the line would extend before and beyond the scanning region ensuring that they are in position with minor adjustments. For line landmarks 1mm steel wire, 1mm aluminum wire and 2mm diameter catheter tubing filled with x-ray contrast dye was compared and the aluminum was found to be the only suitable material. In future projects contrast dye may provide a useful landmarking material if the concentration of the solution is adjusted to reduce recorded intensity.
It was important to ensure that the landmarks chosen for motion experiments would not affect the recorded density and morphological parameters of the µCt scan. When comparing motion scans with and without landmarks the largest change in parameters was observed to be a 1% change in density and a .63% change in the most affected morphological parameter. This was considered to be within the control baseline error found in this project and was also within the reproducibility error found in previous work [cite maclain].

4.5 Future work

Future work can be done to improve the PLC motion control system in terms of sensor feedback and functionality for future projects. Adding functions to limit motor assisted motion to that of the mechanical testing device's limits would be a logical first step. New motion settings and position detection could be developed with higher level control loops. The µCT image sets developed during this project will be useful for a variety of future projects including one planned where automated line extraction will be developed. The method of morphological data calculation can be changed to see if a different model produces better correlations in data changes. The images with landmarks present will be especially useful in comparing the validity of motion artifact simulation software. 

The results showed that landmarks are in fact useful for determining motion. The images with landmarks show clear paths through the sinograms. With images of known motion we can take these results and compare them to clinical and research databases and determine what type of motion occurred as well as if the motion is significant or not in that particular scan. Using thresholding techniques in Matlab, the relatively high intensity landmarks can be isolated from the images for further processing.  This process can then be used to model the expected motion of the landmarks based on the position of the landmarks in relation to the rotation of the gantry (the moving x-ray source of the scanner) around the object.  By comparing the motion determined from the landmarks to the motion that was actually produced and recorded during the scan, information will be produced on how much rotation or displacement has occurred that was not expected.  If motion can accurately be predicted from images using landmarks it should be possible to use reconstruction methods demonstrated by Yves Pauchard, et al. (2007) to attempt to correct the image. After image correction has been applied, the morphological data can then be compared to data collected from the same radius with no motion present to ensure accuracy and consistency in the correction process.
4.6 Conclusion

Due to the nature of clinical CT scanning, motion artifacts are relatively common and warrant attention concerning their effect on morphological data and medical diagnosis. The use of a custom mechanical testing device allowed for the creation of precise motion in µCT scans without introducing unnecessary human risk. By using human cadaver radius samples for motion testing it was possible to closely parallel motion and bone characteristics that are found in clinical scans, allowing for the validation of techniques in this project. µCT scans with various degrees of motion were compared for changes in morphological data resulting in trends showing that the degree of motion artifacts is highly dependent on the time period over which a given motion occurs.
Sudden twitch or ‘step’ motions were found to have little effect on morphological parameters due to the short time frame over which they occur. Continuous motion from a starting position to a final position over two minutes demonstrated a clear correlation between increased motion and an increasing error in recorded parameters. Due to its negligible effect on morphological parameters as well as its simplicity of use, 1mm diameter aluminum wire landmarks were demonstrated to be suitable for landmark based motion compensation techniques.
Information gathered from this project will be useful in further motion artifact analysis as well as work in motion artifact correction.. The fact that landmarks can be used to help determine the motion that occurs during scans could be applied to clinical applications. There is a great deal of work that can be done in simulation and through experimentation in an effort to develop methods for motion artifact correction leading towards improvements in clinical evaluation of µCT scan resulting in better diagnosis of bone related diseases.
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Figure � SEQ Figure \* ARABIC �8� The path of the axial translation motion (left) with the mechanical testing device to show relative orientation (right)





Figure � SEQ Figure \* ARABIC �2� A sinogram image of a human radius





Figure � SEQ Figure \* ARABIC �1� Simply connected (left) and multiply connected structures (right)








